This study evaluated the risk of silver nanoparticle (AgNP) exposure from antibacterial sprays containing AgNPs. Using an exposure simulation chamber as the setting for the experiment, various instruments, including a scanning mobility particle sizer (SMPS), condensation particle counter (CPC), dust monitor, and mixed cellulose esters (MCE) filters, are connected to the chamber to measure the exposure levels of AgNPs when using the sprays. To assess potential risks to consumers, margin of exposure (MOE) approach was used to assess risk in which a calculated MOE was compared with a target MOE. When evaluating the risk of antibacterial sprays to inhalation exposure using the MOE, spraying a whole can and spraying an air conditioner both resulted in a high-risk concern level with a MOE ranging from 59 to 146 that was much lower than the no-risk concern level of 1000, while some spray showed a MOE 2049 with no-risk concern level. The dermal exposure levels with a single layer of clothing were estimated at 2-50 g/kg/day with a MOE ranging from 20,000 to 500,000. Therefore, the current results showed the possibility of high-risk inhalation exposure to AgNPs released when using antibacterial sprays.
Introduction
The safety of products containing nanomaterials remains an obstacle to the commercialization of nanotechnologies. An international standard (ISO TS 13830) "Guidance on the voluntary labeling for consumer products containing manufactured nano-objects" has been developed in ISO TC 229 (nanotechnologies) to allow informed choices when purchasing and for the use of consumers [1] . While the initial labeling standard suggested the inclusion of nanoobject release elements if manufactured nanoobjects are released during the product life-cycle, this proposal is currently unfeasible due to the lack of technology for detecting the release of nanoobjects during the product life-cycle. Thus, the present labeling standard only lists the manufactured nanoobjects contained in a product.
Another international collaborative effort to standardize the measurement of nanoparticles released from a product is the Nanorelease Consumer Products Program organized by ILSI (International Life Science Institute). The program has 3 phases: (1) nanomaterial selection, (2) method evaluation, and (3) interlaboratory studies with an interlaboratory testing group [2] . After reviewing 24 nanomaterials, MWCNTs in polymers were determined as the top-priority nanomaterials. Various measurement methods and exposure/release scenarios were reviewed during different workshops. Therefore, several interlaboratory studies are now underway for method development and refinement [2] .
Tracking the expanded application of nanomaterials, the consumer products inventory created by the project on emerging nanotechnologies [3] currently lists 1,628 products, where AgNPs are included in 383 products. In particular, the antimicrobial function of AgNPs has resulted in their widespread use in sprays, bedding, washers, water purification, wound dressings, toothpaste, shampoo and rinse, nipples and nursing bottles, fabrics, deodorants, filters, kitchen utensils, toys, photocatalysts, and humidifiers. Thus, the likelihood of consumers being exposed to AgNPs is increasing.
Antibacterial sprays are used on a wide variety of surfaces, including sinks, toilets, home appliances, air conditioners, tables, and chairs. Thus, the AgNPs in antibacterial sprays can be found in the air or on surfaces, meaning that consumers can be exposed through inhalation or via the skin. In addition, AgNPs sprayed on toilets, sinks, and bathtubs can enter the water system and eventually affect living organisms in the aquatic environment [4] . While antibacterial sprays are regulated by the FIFRA (Federal Insecticide, Fungicide Rodenticide Act) in the USA and Biocide act in the EU, many other parts of the world have no specific regulations. Accordingly, this report simulates the use of AgNP containing sprays in a chamber system to assess AgNP exposure through inhalation and dermal routes. The human health effects of inhalation and dermal exposure to AgNPs from the use of sprays are also evaluated.
Materials and Methods

Antibacterial Sprays.
Two kinds of antibacterial spray containing AgNPs were used, where the ingredients listed on the cans included fragrance, AgNPs, and incense. The spray cans from Company A and Company B contained 0.08 g/g and 1.1 g/g of (Ag), respectively. These average amounts of Ag are listed in Table 1 .
Exposure Simulation Chamber and Real-Time Aerosol
Monitoring. The dimensions of the exposure simulation chamber were 1,800 mm × 700 mm × 700 mm and it was made of acrylic, as shown in Figure 1 . To facilitate various measurements, such as the AgNP particle number, size distribution, and mass concentration, a SMPS, CPC, dust monitor, and MCE filters were all connected to the exposure simulation chamber. The SMPS combining a differential mobility analyzer (DMA, 4220, HCT Co., Ltd., Icheon, Korea) and CPC (4312, HCT Co., Ltd.) was used to monitor the particle size distribution with an electrical mobility diameter ranging from 7.37 to 289.03 nm, while the dust monitor (Model 1.109, Grimm) was used to observe the particle size distribution with a diameter ranging from 0.25 to 32 m. Another CPC (3775, TSI Co., Ltd., 1-10 7 particles/cm 3 , detection range) was also used to monitor the number concentration, while the MCE filters were used in adjacent and nearby areas for personal and area sampling. The antibacterial spray was applied to the air conditioner for 15 seconds, and, for the next 10 minutes including the 15 seconds of spraying, the air conditioner was not used. The air conditioner was then turned on for 50 minutes. The whole experiment took one hour and was repeated three times. Each repeated experiment is done in a clean simulation chamber, where the CPC observed no particles.
Air
Sampling. Air samples were taken by drawing air through MCE filters in sampling cassettes (0.45 m, 37 mm support pad included) obtained from SKC Inc. The total suspended particulate (TSP) was then measured, followed by a metal component analysis of the TSP and a metal component analysis. Area samples were collected from the chamber floor and 30 cm above using MSA (Escort Elf pump, Zefon International Inc., USA) sampling pumps at a flow rate of 2.07-2.17 L/min. The antibacterial spray was applied to the air conditioner for 15 seconds, and, for the next 10 minutes including the 15 seconds of spraying, the air conditioner was not used. The air conditioner was then turned on for 15 minutes. The whole experiment took 25 minutes and was repeated three times. Each repeated experiment is done in a clean simulation chamber, where the CPC observed no particles.
Dermal Exposure Estimation.
To estimate the dermal exposure, MCE filter cassettes were placed in the chamber for passive sampling with no pump flow. The filters were then analyzed for their Ag concentrations, as described in Section 2.5, which were expressed as g/cm 2 /min.
Metal Analysis.
After wet digestion, the filter concentrations of residual metals were analyzed using an atomic absorption spectrometer (AAS) equipped with a Zeeman graphite furnace (GF, pinAAcle 900T, Perkin Elmer, Waltham, MA) based on National Institute for Occupational Safety and Health (NIOSH) Manual method 7302 [7] . The filters were digested in a microwave (CEM MARS Xpress, Matthews, NC) for 60 min at 120 ∘ C in the presence of nitric acid and perchloric acid at a ratio of 4 : 1. Thereafter, the samples were allowed to cool and analyzed by AAS/GF. The LOD and LOQ for the AAS Ag analysis were 0.098 and 0.323 ppb, respectively.
Transmission Electron Microscopy (TEM)
. TEM, including an energy dispersive X-ray analyzer (EDS), was used to measure the nanoparticles based on NIOSH analytical method 7402 [8] . The nanoparticles on the filter were mounted on a TEM grid (copper grid) and visualized under a field emission transmission electron microscope (FE-TEM, JEM2100F, JEOL, Japan). The particles were measured at a magnification of 100000 and the nanoparticles analyzed using an energy dispersive X-ray spectrometer (EDS, TM200, Oxford, UK) at an accelerating voltage of 75 kV.
Risk Analysis.
A MOE approach was used to assess the risk, where the calculated MOE was compared to a target MOE. Thus, when the calculated MOE is less than the target MOE, this represents a risk concern level, whereas when the calculated MOE is greater than the target MOE, this represents a no-risk concern level. In this study, the target MOE was set at 1000. The MOE calc = the POD/dose (NOAEL)/exposure concentration, where the POD is the toxicological point of departure according to the estimated dose to which humans will be exposed and the NOAEL is the no-observed-adverse-effect-level. In this study, the POD was 133 g/m 3 based on the NOAEL from a laboratory AgNP subchronic animal inhalation study [5] . In a previous acute dermal toxicity study based on OECD Test Guide 402, AgNPs did not induce any abnormal signs or death up to 2,000 mg/kg and no abnormal gross findings were reported for any of the treated groups at necropsy [9] . In another 28-day repeated dermal toxicity test based on OECD Test Guideline 410, a NOAEL of 1,000 mg/kg was obtained. Thus, to estimate the AgNP dermal risk, this study used a NOAEL of 1,000 mg/kg. To calculate the total exposure per day, the maximum exposure per day was set at four hours as worstcase scenario based on our simulated use scenario (15 sec spray, 10 min drying, and 10 min use). The dermal absorption factor was set at 0.01 [10] , the body surface area for an adult was set at 1.5 m 2 , and the body weight was set at 70 kg [11] . A 50% reduction was assumed in the case of a single layer of clothing based on the US EPA surrogate PHED surrogate exposure guide [12] . Thus, the daily dermal exposure was as follows:
Dermal exposure/kg/day = (Dermal exposure concentration × surface area × work duration) × dermal absorption factor body weight .
(1) (Table 1) .
Results
Inhalation Exposure to AgNPs from
Particle Size Distribution and Number Concentration
during Use of Spray. The particle number concentration for the spray from Company A ranged from 5,901.6 to 365,500 particle/cm 3 when measured using the CPC and from 1,703.3 to 9,521.8 particle/cm 3 when measured using the dust monitor after the 25 min simulated exposure, and the concentration gradually decreased up to 100 min (Figure 2(a) ). The particle size distribution ranged from 10 nm to 200 nm, showing peak at 30 nm, when measured using the SMPS 4 Journal of Nanomaterials ( Figure 2(b) ). Meanwhile, the particle number concentration for the spray from Company B ranged from 23,952.1 to 582,100 particle/cm 3 when measured using the CPC and from 5,152.8 to 9,843.3 particle/cm 3 when measured using the dust monitor after the 25 min simulated exposure, and the concentration gradually decreased up to 100 min (Figure 3(a) ). The particle size distribution ranged from 10 nm to 200 nm, showing a peak at 40 nm, when measured using the SMPS (Figure 3(b) ). Finally, the particle number concentration for the spray from Company B.1 ranged from 16,331.8 to 1,908,000 particle/cm 3 when measured using the CPC after the 25 min simulated exposure, and the concentration gradually decreased up to 100 min (Figure 3(c) ). The particle size distribution ranged from 10 nm to 200 nm, showing a peak at 40 nm, when measured using the SMPS (Figure 3(d) ). Figure 4 (a) shows the particle size distribution difference when using the spray from Company B.1: 10-20 nm peak after 15 seconds of spraying, 40 nm after 10 minutes of spraying, and 80 nm after 20-30 minutes of spraying. Figure 4 (b) shows the particle size distribution when using the spray from Company B: 30 nm peak after 15 seconds of spraying, 60 nm at 10 minutes after spraying, and 80 nm at 20-30 minutes after spraying. Figure 4 (c) shows the particle size distribution when using the spray from Company A: 30 nm peak after 15 seconds of spraying, 50 nm at 10 minutes after spraying, and 50 nm at 20-30 minutes after spraying. The particles captured in the MCE filter analyzed by TEM-EDS showed dispersed AgNP composed of Ag with some Zn and Si component ( Figure 5 ), indicating that the antibacterial Ag spray contained other particles. 2 /min, respectively. The MOE when using the whole spray can from Company B was 10,000 for no clothing and 20,000 for a single layer of clothing. For the 25 min simulation, the MOE for the spray from Company B was 125,000 for no clothing and 250,000 for a single layer of clothing, while the MOE for the spray from Company A was 333,333 for no clothing and 500,000 for a single layer of clothing (Table 2) . Thus, none of the AgNP spray scenarios represented a risk concern level for dermal exposure.
Dermal Exposure to AgNPs from
Discussion
Knowing about the safety of products containing nanomaterials is an important step for the sustainable growth of nanotechnologies, especially since their usages are gradually increasing. Several products containing nanomaterials have already been withdrawn from the market due to consumer concerns over safety and health risks related to the release of nanomaterials from products containing nanomaterials.
The release of AgNPs from consumer products, such as sock fabrics or home furnishings, has already been evaluated [13, 14] . As a result, the release of nano-Ag ranged up to 45 micrograms per product and the size fractions were both larger and smaller than 100 nm. After reviewing 54 studies of nanomaterial release from solid nanocomposites, the frequent releases were (1) only matrix particles, (2) matrix particles with partially or fully embedded nanomaterials, (3) nanomaterials entirely dissociated from the matrix, and (4) dissolved ionic forms of the added nanomaterials [15] .
In 2010, the US EPA published a case study of nanoscale Ag in disinfectant sprays and indicated that the potential for human and biotic nano-Ag toxicity depended on the level Figure 3 : Particle number concentrations and particle size distribution. (a) Particle number concentrations for spray from Company A (15 sec spraying) measured using dust monitor and CPC, (b) particle size distribution for spray from Company B (15 sec spraying) measured using SMPS, (c) particle number concentration for spray (whole can, 10 min) from Company B measured using dust monitor and CPC, and (d) particle size distribution for spray from Company B (whole can: 10 min spraying) measured using SMPS.
of exposure to nano-Ag and related Ag compounds from these products, along with aggregate exposure to nano-Ag from other products containing nano-Ag [4] . In addition, following the FIFRA Scientific Advisory Panel meeting in 2009, the US EPA announced a conditional registration for the pesticide product HeiQ Material Ag (HeiQ) containing nano-Ag as an active ingredient. In this case, the US EPA used a MOE approach and data including the product chemistry, environment fate and effects, human exposure, and toxicology to assess the risks of exposure to HeiQ [16] . In this paper, a simulated AgNP exposure with a simulated chamber was set up because it is difficult to assess actual exposure condition when using antibacterial spray due to various condition application of use in duration, intensity, and frequency. Furthermore, unlike workers' exposure in workplace, such as attaching personal sampler to the breathing zone, exposure assessment on a consumer is not easy task due to difficulties in obtaining consent on exposure, arranging in exposure assessment, and requesting for actual use condition. Therefore, a simulated chamber was used to control the variables for exposure situation. The chamber study gave several advantages in estimating exposure leading to risk evaluation. It provides a proper condition for spray application, by allowing the assessment of AgNP concentration in terms of number and mass, and gives correct estimation of nanoparticle exposure avoiding contamination from other particles in ambient air condition. Using a simulated chamber platform, risk of AgNP consumer exposure in use of antibacterial spray can be appropriately evaluated. Additionally, risk evaluation using the MOE approach provided a valuable tool to estimate risk of exposure, improbable in real consumer exposure situation. The limitation of this chamber study could be overestimation of exposure when compared to real-life scenario, since the experiment provides higher frequency and intensity of exposure without circulating ambient air. It is an example that simulates worst-case scenario of exposure situation.
Conclusion
This paper used a MOE approach to assess the risk of consumer exposure to nano-Ag released from antibacterial Journal of Nanomaterials sprays containing AgNPs. To estimate the inhalation and dermal exposure to AgNPs, the antibacterial sprays were used in a simulation chamber and the air concentration of AgNPs was measured in terms of the mass and number concentration, while the dermal exposure was estimated based on passive filter sampling. The results for all the products suggested an excessive risk of inhalation exposure for some of the tested sprays, as the MOE was lower than the no-risk concern level of 1000. In contrast to the inhalation exposure, the dermal exposure results showed no-risk concern levels for the tested sprays. The current simulation setting and methods may be useful for estimating consumer exposure to nanomaterials.
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